We investigate the impacts of dark energy on constraining massive (active/sterile) neutrinos in interacting dark energy (IDE) models by using the current observations. We employ two typical IDE models, the interacting w cold dark matter (IwCDM) model and the interacting holographic dark energy (IHDE) model, to make an analysis. To avoid large-scale instability, we use the parameterized post-Friedmann approach to calculate the cosmological perturbations in the IDE models. The cosmological observational data used in this work include the Planck cosmic microwave background (CMB) anisotropies data, the baryon acoustic oscillation data, the type Ia supernovae data, the direct measurement of the Hubble constant, the weak lensing data, the redshift-space distortion data, and the CMB lensing data. We find that the dark energy properties could influence the constraint limits of active neutrino mass and sterile neutrino parameters in the IDE models. We also find that the dark energy properties could influence the constraints on the coupling strength parameter β, and a positive coupling constant, β > 0, can be detected at the 2.5σ statistical significance for the IHDE+νs model by using the all-data combination. In addition, we also discuss the "Hubble tension" issue in these scenarios. We find that the H0 tension can be effectively relieved by considering massive sterile neutrinos, and in particular in the IHDE+νs model the H0 tension can be reduced to be at the 1.28σ level.
I. INTRODUCTION
The solar and atmospheric neutrino oscillation experiments have revealed that neutrinos have masses and there is a significant mixing between different neutrino species (for reviews, see, e.g., Refs. [1, 2] ). In addition, anomalies of short-baseline and reactor neutrino experiments suggest that there could be a sterile neutrino with eV-scale mass [3] [4] [5] . To directly measure the absolute neutrino masses for active neutrinos and search for sterile neutrinos, different experiments are needed. In fact, the cosmological observations have provided the tightest limits on massive (active/sterile) neutrinos.
Using observations of the cosmic microwave background (CMB) from Planck satellite [6] , the baryon acoustic oscillations (BAO) [7] [8] [9] , the type Ia supernovae (SN) [10] , the Hubble constant (H 0 ) [11] , and the CMB lensing [12] , a constraint of m ν < 0.197 eV (2σ) has been achieved in the case of active neutrinos [13] , whereas in the sterile neutrino case we have N eff < 3.572 and m eff ν,sterile < 0.268 eV (2σ) [14] in the ΛCDM model. For the dynamical dark energy models, the wCDM model gives m ν < 0.304 eV (2σ) for the active neutrinos, and N eff < 3.501 and m eff ν,sterile < 0.531 eV (2σ) for the sterile neutrinos. In addition, the holographic dark energy (HDE) model gives m ν < 0.113 eV (2σ) for the active neutrinos [13] , and N eff < 3.670 and m eff ν,sterile < 0.199 eV (2σ) for the sterile neutrinos [14] , and thus the HDE model leads to the extremely stringent upper limit on the total mass of active neutrinos and the effective mass of sterile neutrinos. For other relevant studies of massive (active/sterile) neutrinos by using cosmological data, see, e.g., Refs. .
In addition, when a direct interaction between dark energy (DE) and cold dark matter (CDM) is considered in current cosmology, the constraints become m ν < 0.10 eV (2σ) in the Q = βHρ de model and m ν < 0.20 eV (2σ) in the Q = βHρ c model for the case of active neutrinos [52] , as well as N eff < 3.641 and m eff ν,sterile < 0.312 eV (2σ) in the Q = βHρ de model, and N eff < 3.498 and m eff ν,sterile < 0.875 eV (2σ) in the Q = βHρ c model for the case of sterile neutrinos [62] . These results imply that the interaction has an important impacts on neutrino parameters. Moreover, in Refs. [52, 62] only the study of interacting vacuum energy model (i.e., the IΛCDM model) is done, but the dark energy properties are not considered. Actually, dark energy properties would also lead to important impact on the constraints on the neutrino parameters [13, 14, 67] . Thus, in this paper, we will revisit the constraints on the neutrinos parameters in interacting dark energy (IDE) models (for IDE, see e.g. Refs. ).
The IDE model considers DE directly interacting with CDM by exchanging energy and momentum. To investigate the IDE model, one starts from the continuity equations for DE and CDM by assuming an energy transfer between them, in the background cosmology,
where ρ de and ρ c are energy densities of DE and CDM, respectively, H = a /a (a is the scale factor of the universe) is the conformal Hubble parameter, a prime is the derivative with respect to the conformal time η, w is the equation of state (EoS) parameter of DE, and Q is the energy transfer rate. In this work, we consider the phenomenological form of Q = βH 0 ρ c , where β is the coupling constant. From Eqs. (1) and (2), we see that β > 0 means that the energy transfer is from CDM to DE, β < 0 means that the energy transfer is from DE to CDM, and β = 0 means that there is no interaction between DE and CDM.
In this paper, we focus on investigating the impacts of interacting dynamical dark energy on constraining the active neutrino total mass and sterile neutrino parameters. Following the studies of Ref. [67] (as well as Refs. [13, 14] without the consideration of interaction in the DE models), we consider two typical dynamical dark energies in the IDE models. The first one we choose is the interacting w cold dark matter (IwCDM) model, which is the interacting version of the wCDM cosmology. In the wCDM model, the dark energy has a constant EoS parameter w. The other one we choose is the interacting holographic dark energy (IHDE) model, which is the interacting version of the HDE cosmology. In the HDE model, the dark energy density is of the form
where c is a dimensionless parameter that determines the evolution of dark energy, M pl is the reduced Planck mass, and R EH is the event horizon of the universe. The evolution of EoS of HDE is given by w(a) = −1/3 − (2/3c) Ω de (a). For more details of the HDE model, see, e.g., Refs [17, 37, 76, [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] . Combining Eqs. (1), (2) and the EoS of the wCDM and HDE cosmologies, the background evolutions of the IwCDM and IHDE models can be obtained. In this paper, we constrain the IDE (IwCDM and IHDE) models with massive (active/sterile) neutrinos by using the current cosmological observations, and we report the constraint results and make a detailed analysis for them. This paper is organized as follows. In Sec. II, we present the analysis method and the observational data used in this paper. In Sec. III, we report the constraint results and discuss these results in detail. Conclusion is given in Sec. IV.
II. METHOD AND DATA
In this paper, we place constraints on the massive (active/sterile) neutrinos in IDE cosmology with the current observational data.
The free parameter vector for the IDE model is {ω b , ω c , 100θ MC , τ, n s , ln(10 10 A s ), w (or c), β}, where ω b = Ω b h 2 is the physical baryon density, ω c = Ω c h 2 is the physical cold dark matter density, θ MC is the ratio (multiplied by 100) of the sound horizon to angular diameter distance at decoupling, τ is the reionization optical depth, n s is the scalar spectral index, A s is the amplitude of primordial scalar perturbation power spectrum, w is the EoS parameter of dark energy in the IwCDM model, c is the parameter determining the evolution of dark energy in the IHDE model, and β is the coupling parameter characterizing the interaction strength between cold dark matter and dark energy.
When we further consider massive neutrinos in cosmology, the total neutrino mass m ν should be added for the case of active neutrinos and the parameters m eff ν,sterile (the effective sterile neutrino mass) and N eff (the effective number of relativistic species) should be added for the case of sterile neutrinos. When the active neutrino mass is considered in the IΛCDM, IwCDM, and IHDE models, these cases are called the IΛCDM+ν a , IwCDM+ν a , and IHDE+ν a models, respectively. Similarly, when the sterile neutrino species is considered in the IΛCDM, IwCDM, and IHDE models, these cases are called the IΛCDM+ν s , IwCDM+ν s , and IHDE+ν s models, respectively. Thus, the IΛCDM+ν a model has eight independent parameters and IΛCDM+ν s model has nine independent parameters. Likewise, the IwCDM+ν a and IHDE+ν a models have nine base parameters, and the IwCDM+ν s and IHDE+ν s models have ten base parameters.
The IDE cosmology actually was troubled by the perturbation instability [119] [120] [121] and this problem had greatly frustrated the advance of the IDE cosmology. Therefore, how to treat the perturbation instability becomes a crucial issue in the current study of IDE cosmology. For the conventional way, the calculation of the dark energy has induced several instabilities, which arises from the incorrect way of calculating the dark energy pressure perturbation, as pointed out in Refs. [119] [120] [121] . In current situation, we can handle the instability problem of the IDE cosmology based on the post-Friedmann (PPF) approach [62, [122] [123] [124] [125] (for the original version of PPF, see Refs. [126, 127] ). With the help of PPF, we can explore the whole parameter space. To infer the posterior probability distributions of the parameters, our constraints are based on the latest version of the Markov-Chain Monte Carlo package CosmoMC [128] .
The observational data sets we use in this paper are comprised of CMB, BAO, SN, H 0 , RSD, WL, and CMB lensing.
• The CMB data: We use the CMB anisotropies data from the Planck 2015 release including TT, TE, EE, and lowP data [6] .
• The BAO data: We employ the baryon acoustic oscillation data from the 6dFGS measurement at z eff = 0.106 [7] , the SDSS-MGS measurement at z eff = 0.15 [8] , and the LOWZ and CMASS samples from BOSS DR12 at z eff = 0.32 and z eff = 0.57 [9] , respectively.
• The SN data: For the type Ia supernova observation (SN), we use the Joint Light-curve Analysis (JLA) sample [10] .
• The H 0 data: We use the Hubble constant direct measurement H 0 = 73.24±1.74 km s −1 Mpc −1 [11] .
• The RSD data: We employ two redshift space distortion (RSD) measurements from the LOWZ and CMASS samples from BOSS DR12 at z eff = 0.32 and z eff = 0.57 [129] , respectively.
• The WL data: We use the cosmic shear measurement of weak lensing (WL) from the CFHTLenS survey [130] .
• The lensing data: We also use the CMB lensing power spectrum from the Planck lensing measurement [12] .
In this paper, we will use these observational data sets to place constraints on the IDE models with massive (active/sterile) neutrinos. We will compare the IwCDM and IHDE models with the IΛCDM model under the utilization of uniform data combinations. In our analysis, we use two data combinations, i.e., CMB+BAO+SN+H 0 and CMB+BAO+SN+H 0 +WL+RSD+lensing. For convenience, we use the abbreviations "CMB+BSH" and "CMB+BSH+LSS" to denote these two combinations, respectively. In what follows, we will report and discuss the fitting results of the IDE models with massive neutrinos in light of these two data combinations.
III. RESULTS AND DISCUSSION
In this section, we shall report the fitting results of the overall considered interacting dynamical dark energy models and discuss the implications of the results. We use the CMB+BSH and CMB+BSH+LSS data combinations to constrain these models. The fitting results are displayed in Tables I-II and Figs. 1 
-14.

A. Active neutrino mass
In this subsection, we present the constraint results of the IwCDM+ν a and the IHDE+ν a models by using the CMB+BSH and CMB+BSH+LSS data combinations and analyze how the dark energy properties affect the constraints on the active neutrino mass in the IDE models. As we take the IΛCDM+ν a as a reference model in this work, the fitting results of this model from the same data combinations are also given. The main results can be seen in Table I and Figs. 1-3. For the IwCDM+ν a model, we obtain m ν < 0.161 eV from the data combination CMB+BSH, and m ν < 0.319 eV from CMB+BSH+LSS. We find that, compared with the IΛCDM+ν a model, the upper limits on the parameter m ν become slightly tighter from CMB+BSH (this result has been discussed in detail in Ref. [67] ), while for the case of CMB+BSH+LSS, the constraints on m ν would be somewhat looser. For the IwCDM+ν a model, the one-dimensional posterior distributions and two-dimensional marginalized contours (1σ and 2σ) for the parameters w, σ 8 , H 0 , β, and m ν with the data combinations of CMB+BSH and CMB+BSH+LSS are shown in Fig. 1 . One can clearly see that, m ν is in slightly positive-correlation with w for the data combination of CMB+BSH, while m ν and w are in anti-correlation for the case of CMB+BSH+LSS. Evidently, when adding the LSS (WL+RSD+lensing) data, the correlation between m ν and w could be significantly changed, leading to a different constraints on the active neutrino mass m ν . For the IHDE+ν a model, we obtain m ν < 0.125 eV from the data combination CMB+BSH, and m ν < 0.151 eV from CMB+BSH+LSS. Clearly, the IHDE+ν a model provides the most stringent upper limits on m ν among the three models, i.e., IΛCDM+ν a , IwCDM+ν a , and IHDE+ν a , for the data combinations of CMB+BSH and CMB+BSH+LSS (see also Ref. [67] ), which is also accordant with the conclusion in the previous studies without the consideration of interaction between dark sectors [13, 14, 48] . The one-and two-dimensional marginalized posterior distributions of the parameters c, σ 8 , H 0 , β, and m ν for the IHDE+ν a model using CMB+BSH and CMB+BSH+LSS are shown in Fig. 2 .
In addition, we can notice that in these three models, the addition of the LSS data would lead to a larger neutrino mass limit (see Table I ). This is because the LSS observation favors a lower matter perturbations (σ 8 ), and neutrino mass m ν is anti-correlated with σ 8 due to the free-streaming effect of active neutrinos (see Figs. 1 and 2), thus a larger neutrino mass limit could be derived. This result is also accordant with the conclusion in the previous study [52] .
To directly show how the dark energy properties affect the constraint on the active neutrino mass, in Fig. 3 we further make a comparison for the overall three IDE models (i.e., IΛCDM+ν a , IwCDM+ν a , and IHDE+ν a ) with the data combination of CMB+BSH+LSS. From this figure, we find that in the IwCDM+ν a model, the limits on m ν become much looser, while in the IHDE+ν a model the limits become much more stringent. Thus, we can conclude that the dark energy properties could influence the constraint results of the active neutrino mass m ν .
B. Sterile neutrino parameters
In this subsection, we shall present the constraint results of sterile neutrino parameters in the three IDE models. The main results are given in Table II and Figs. 4-6.
For the IwCDM+ν s model, we obtain m eff ν,sterile < 0.569 eV and N eff < 3.591 from the data combination CMB+BSH, and m eff ν,sterile = 0.430 +0.190 −0.280 eV and N eff = 3.253 +0.079 −0.164 from CMB+BSH+LSS. We find that, in the IwCDM+ν s model, the fitting results of m eff ν,sterile and N eff are basically consistent with those of the IΛCDM+ν s model regardless of using any of these two data com- binations (see in Table II ). In addition, when the LSS (WL+RSD+lensing) data are considered in the cosmological fit, the addition of the LSS data could significantly improve the constraints on the sterile neutrino parameters (m eff ν,sterile and N eff ). Our results prefer a non-zero mass at the 1.314σ level and ∆N eff > 0 at the 1.238σ level for the IΛCDM+ν s model and prefer a non-zero mass at the 1.536σ level and ∆N eff > 0 at the 1.262σ level for the IwCDM+ν s model. This indicates that the LSS data could play an important role in constraining the sterile neutrino parameters. These results are also in accordance with the conclusions in the previous studies [57, 58] . The one-dimensional posterior distributions and two-dimensional marginalized contours (1σ and 2σ) for the parameters w, σ 8 , β, H 0 , N eff , and m eff ν,sterile of the IwCDM+ν s model using both the two data combinations are shown in Fig. 4 .
For the IHDE+ν s model, we obtain m eff ν,sterile < 0.662 eV and N eff < 3.574 from CMB+BSH. We find that, in the IHDE+ν s model, the fitting results of m eff ν,sterile and N eff are also basically consistent with those of the IΛCDM+ν s model (same as the IwCDM+ν s model). This is because the data combi-nation CMB+BSH is not sensitive to the sterile neutrino parameters and thus can not give a tight constraint on the parameters of sterile neutrino. These results are in accordance with the conclusions in the previous studies for the models without dark sectors' interaction [14] . Moreover, the CMB+BSH+LSS constraint gives m eff ν,sterile < 0.927 eV and N eff = 3.186 +0.034 −0.138 . Evidently, the addition of the LSS (WL+RSD+lensing) data would lead to a larger upper limit of the effective sterile neutrino mass m eff ν,sterile . This is in that a lower σ 8 is favored by the current LSS observations, and m eff ν,sterile is anti-correlated with σ 8 . Thus, a larger effective sterile neutrino mass upper limit could be derived (see Fig. 5 ). This result is accordant with the case of massive active neutrino (in this study) and also accordant with the conclusion in the previous studies [62] .
To directly show how the dark energy properties affect the constraint on sterile neutrino parameters, we plot the comparison of these three models, i.e., IΛCDM+ν s , IwCDM+ν s , and IHDE+ν s , from CMB+BSH+LSS combination, in Fig. 6 . We find that, in the IwCDM+ν s model, the one-dimensional posterior distribution curves and two-dimensional marginalized contours in m eff ν,sterile -N eff plane are almost in coincidence with the IΛCDM+ν s model. However, in the IHDE+ν s model, the constraint results for these two parameters are evidently different. Thus, we can conclude that the dark energy properties could also influence the constraints on the sterile neutrino parameters.
C. Coupling parameter
In this subsection, we discuss the fitting results of the coupling constant β. The main results are given in Tables I-II and Figs. 1-9 .
In Table I , we show the constraint results of the IΛCDM+ν a , IwCDM+ν a , and IHDE+ν a models from the CMB+BSH and CMB+BSH+LSS data combinations. By using CMB+BSH data, we obtain β = 0.084 +0.051 −0.057 for the IΛCDM+ν a model, β = −0.055 ± 0.094 for the IwCDM+ν a model, and β = 0.195 +0.093 −0.095 for the IHDE+ν a model. By using CMB+BSH+LSS data, we obtain β = 0.032 +0.042 −0.051 for the IΛCDM+ν a model, β = 0.084 +0.079 −0.089 for the IwCDM+ν a model, and β = 0.191 +0.079 −0.081 for the IHDE+ν a model. We find that, compared with the IΛCDM+ν a model, the fitting results of β in the IwCDM+ν a and IHDE+ν a models are quite different.
For the IwCDM+ν a model, CMB+BSH data combination favors a negative coupling constant, which means that the dark energy decays into dark matter. However, CMB+BSH+LSS data combination favors a positive coupling constant, which implies that dark matter decays into dark energy. For the IHDE+ν a model, both of the two data combinations consistently favor a positive coupling constant, indicating that the case of dark matter decaying into dark energy is more supported in this scenario. Moreover, for both of the two data combinations, β = 0 is favored within the 1σ significance range for the IwCDM+ν a model and β > 0 is favored at more than 2σ significance level for the IHDE+ν a model (see also Figs. 1-3) .
In Table II, tions. By using the CMB+BSH combination, we obtain β = 0.087 ± 0.059 for the IΛCDM+ν s model, β = −0.060 +0.100 −0.110 for the IwCDM+ν s model, and β = 0.200 ± 0.110 for the IHDE+ν s model. By using the CMB+BSH+LSS combination, we obtain β = 0.087 ± 0.060 for the IΛCDM+ν s model, β = 0.105 +0.084 −0.085 for the IwCDM+ν s model, and β = 0.223 +0.091 −0.089 for the IHDE+ν s model. Obviously, we find that compared with the IΛCDM+ν s model, the fitting results of β in the IwCDM+ν s and IHDE+ν s models are quite different, which is consistent with the conclusions in the studies of the active neutrinos, manifesting that the dark energy properties could play an important role in changing the fitting results of the coupling constant β. To show the effect of the dark energy properties on the constraints of the coupling parameter β, the one-and two-dimensional posterior distribution contours of β are shown in Figs. 4-6. It is of great interest to find that β > 0 is favored at more than 2σ (about 2.507σ) level for the IHDE+ν s model by using the CMB+BSH+LSS data combination (see also .
In addition, with the purpose of directly showing the impacts of massive (active/sterile) neutrinos on the constraints of the coupling parameter β, we further perform an analysis for all the IDE models (with active neutrinos or with sterile neutrinos) considered in this paper, to make a comparison. The one-dimensional posterior distributions of β for the six models (IΛCDM+ν a , IΛCDM+ν s , IwCDM+ν a , IwCDM+ν s , IHDE+ν a , and IHDE+ν s ) using the CMB+BSH and CMB+BSH+LSS data combinations are shown in Figs. 7-9 . Obviously, we find that, for both of the two data combinations, the consideration of massive (active/sterile) neutrinos could scarcely influence the constraints on coupling constant β, which is accordant with the conclusions in the previous studies on the IΛCDM model [62] .
D. The H0 tension
In this subsection, we shall discuss the issue of the H 0 tension between the Planck observation and the Hubble constant direct measurement. The main results are given in Tables I-II We first constrain the base ΛCDM model using the CMB+BSH and CMB+BSH+LSS data combinations and obtain H 0 = 68.61 +0. 44 −0.45 km s −1 Mpc −1 (CMB+BSH) and H 0 = 68.17 +0. 45 −0.46 km s −1 Mpc −1 (CMB+BSH+LSS), which are 2.56σ (CMB+BSH) and 2.82σ (CMB+BSH+LSS) lower than the distance-ladder measurement of the Hubble constant, H 0 = 73.24 ± 1.74 km s −1 Mpc −1 , respectively. In order to obtain a highter H 0 , we further consider the interacting dark energy cosmology with the addition of massive (active/sterile) neutrinos.
In Tables I and II From the constraint results, we find that compared with the ΛCDM model, the interacting dark energy plus massive (active/sterile) neutrino models can indeed relieve the tension between the Planck observation and the direct measurement from distance ladder (see also in Figs. [10] [11] . Particularly, when considering the dynamical dark energy in the interacting dark energy scenario, the tension can be relieved most significantly. To show the effect of the dark energy properties on the constraint on H 0 , the one-and two-dimensional posterior distributions contours of H 0 are shown in Figs. 1-6 .
We also find that, for the IDE models, the current LSS data can also affect the constraint results on H 0 , and the values of H 0 would become lower when adding the LSS data in cosmological fit (see also Figs. [10] [11] . Thus, for all the IDE models, the H 0 tension would be slightly larger with the addition of the LSS observational data.
In addition, in order to show how the massive (active/sterile) neutrinos affect the constraint results on H 0 , we plot the one-dimensional posterior distributions of H 0 for the six considered models using CMB+BSH and CMB+BSH+LSS in Figs. 12-14. From these figures, we can clearly see that for whichever data combination, the fitting values of H 0 in the IDE models with sterile neutrinos are always much larger than those with active neu- Tables I-II) . Thus, we can conclude that the IDE models with sterile neutrinos are more effective to relieve the H 0 tension.
trinos (see also
In fact, although these extended models can alleviate the "Hubble tension" problem in some extent, it seems that they still cannot truly solve the problem because they are paying the price of using more parameters to fit the observational data (see also Refs. [58, 65] ).
IV. CONCLUSION
In this paper, we have studied the interacting dynamical dark energy models with the energy transfer Q = βH 0 ρ c . To discuss how the dynamical dark energy affects the massive (active/sterile) neutrino parameters in the IDE models, we take two typical interacting dynamical dark energy models as examples, i.e., the IwCDM model and the IHDE model, to make the analysis. We use the PPF approach to calculate the perturbation of dark energy in the IDE cosmology. The current observational data we use in this paper include the Planck 2015 CMB temperature and polarization data, the BAO data, the SN data, the H 0 direct measurement, the RSD data, the WL data, and the CMB lensing data.
For the IDE models with active neutrinos, we find that the dark energy properties could impact the constraint results on m ν , and the IHDE+ν a could give the most stringent upper limit on the total mass of active neutrinos among all the three models. For the models with sterile neutrinos, we find that LSS data could significantly impact the constraints on the sterile neutrino parameters. What's more, the dark energy properties could also influence the constraint results on the sterile neutrino parameters.
By using the CMB+BSH data, we find that a negative β is favored in the IwCDM model with massive (active/sterile) neutrinos and in this case β = 0 is within the 1σ significance range, but the IHDE model with massive (active/sterile) neutrinos favor a positive β (β > 0) at more than 1σ significance level. Thus, the dark energy properties could impact the constraint limits on the coupling parameter β. By using the CMB+BSH+LSS data, we find that the current LSS data could also affect the constraints on β, and β > 0 can be detected at 2.507σ significance for the IHDE+ν s model. Moreover, we also find that the consideration of massive (active/sterile) neutrinos in the interacting models could scarcely influence the constraint on the coupling parameter β.
In addition, we find that compared with the ΛCDM model, considering massive (active/sterile) neutrinos and interaction between dark sectors can indeed relieve the H 0 tension between the Planck observation and the Hubble constant direct measurement. In particular, for the IHDE+ν s model the H 0 tension can be reduced to be at the 1.28σ level by using the CMB+BSH data combination. We also find that compared with the cases of active neutrinos, the consideration of sterile neutrinos in the IDE models could more effectively alleviate the H 0 tension. 
